Abstract: On-surface synthesis is an emerging approach to obtain, in asingle step,precisely defined chemical species that cannot be obtained by other synthetic routes.The control of the electronic structure of organic/metal interfaces is crucial for defining the performance of many optoelectronic devices.A facile on-surface chemistry route has now been used to synthesize the strong electron-acceptor organic molecule quinoneazine directly on aC u(110) surface,v ia thermally activated covalent coupling of para-aminophenol precursors. The mechanism is described using ac ombination of in situ surface characterization techniques and theoretical methods. Owing to astrong surface-molecule interaction, the quinoneazine molecule accommodates 1.2 electrons at its carbonyl ends, inducing an intramolecular charge redistribution and leading to partial conjugation of the rings,conferring azo-character at the nitrogen sites.
Organicheterostructuresbasedonelectronacceptor-donor organic molecules on surfaces have become strategic materials owing to their huge technological impact in fields such as organic light-emitting diodes (OLEDs), organic field effect transistors (OFETs), or solar cell devices,amongst others.In electronic devices,o rganic layers are placed on metallic surfaces for electrical contact, and the structure of the metalorganic interface enormously affects the performance. [1] In particular,s ome molecules promote charge transfer at the interface with metal electrodes owing to their donor (acceptor) nature,which may induce energy level realignment that can be exploited to tune the transport properties of the system. [1] [2] [3] [4] [5] Despite the potential impact of this approach, only af ew molecules have been shown to efficiently donate (or accept) significant charge,t his quality being related to the presence of donor (acceptor) moieties in their structures. [6] A typical example is tetracyano-p-quinodimethane (TCNQ), as trong acceptor molecule that when deposited on Cu(100) accommodates around 1.6 electrons whereby almost one electron aromatizes the central hexagonal ring and the remaining fraction of the charge is accommodated in one of the peripheral nitrogen atoms of the cyano groups. [3] On the other hand, on-surface synthesis can generate unique molecules or extended molecular architectures that have been rationally formed via alternative synthetic routes to those available through solution-based chemistry. [7, 8] These surface-stabilized species can lead to compounds that are difficult or impossible to obtain via conventional synthetic procedures. [9] [10] [11] [12] Herein, we combine both of the aforementioned features. We show that the on-surface coupling reaction of two simple and inexpensive para-aminophenol (p-Ap) molecules can be employed to form aq uinonoid-like derivative,q uinoneazine (QAz). This molecule has been theoretically proposed for organic electrodes owing to their extreme redox voltages,and it can also be employed as an intermediate in the preparation of several chemically and biologically active compounds. [13, 14] We show that, similar to the case of TCNQ molecules,the onsurface synthesized QAz molecule can accept about 1.2 electrons from the Cu surface through as trong interaction with the surface atoms.Weobserve that the role of the surface is two-fold. Firstly,i tc atalyzes the synthesis of QAz, an onaromatic compound difficult to obtain by conventional synthesis routes. [15] Secondly,itstabilizes the molecular structure by donating to the QAz more than one electron to form ar esonant structure,s ee Scheme 1, as we will discuss below.
We used ac ombination of several surface-science experimental techniques,including synchrotron radiation-based X-ray photoemission spectroscopy (XPS) and near-edge X-ray absorption fine structure (NEXAFS), scanning tunneling microscopy (STM), and non-contact atomic force microscopy (nc-AFM), supported by first-principles theoretical calculations (details are provided in the Supporting Information). This large battery of tools allows us to obtain af ull and consistent picture of this unusual on-surface chemical reaction and the strong charge redistribution process occurring at the organic-metal interface.
Thes tarting point of our method is the evaporation in ultra-high vacuum (UHV) of p-Ap molecules on an atomically clean Cu(110) surface.D epending on the surface temperature during evaporation, we observe two distinct cases:the adsorption at room temperature leads to individual p-Ap molecules adsorbed on the surface (RTp hase,F igure 1a), and the evaporation onto the surface at 520 K( HT phase,F igure 1b), where molecular structures exhibiting long-range ordered and au niform, well-defined surface morphology is found. TheH Tp hase can also be obtained by direct annealing of the RT phase at 520 K, displaying equivalent results.
Thes ize and shape of the circular features dispersed across the surface observed in the STM image of Figure 1a correspond to single p-Ap molecules, [16] and the nc-AFM image (in the inset) clearly shows the hexagonal carbon rings confirming the presence of single isolated molecules.T hey form locally a4 4s uperperiodicity.I nc ontrast, in the STM image in Figure 1bthe surface molecular species observed are larger and elliptical in shape and of uniform size,with abright feature in the center. Further, they are well-organized into precisely aligned linear rows oriented at an angle of 208 8 with respect to the [001] surface direction (Supporting Information, Figure S3 ). TheLEED pattern (see inset) indicates that the molecular arrangement is commensurate with the substrate suggesting that the Cu(110) crystal termination plays afundamental role in the process of the formation of the HT phase.
Thec hemical structure of the RT and HT phases can be unequivocally followed in situ by high-resolution XPS and NEXAFS (see the Supporting Information). Figure 2s hows the XPS core-level peaks of the elements of the p-Ap precursors,N1s,O1s,a nd C1s, and their evolution with coverage and temperature.T he C1ss pectrum displays no significant core-level shift with respect to the multilayer and in all cases the components associated with the four sp 2 carbons cannot be individually resolved, in agreement with ar ecent study on hydroxycyanobenzene, [17] and indicating ,c) N1s, O1s, and C1sXPS spectra for ap hysisorbed multilayer (green curve) self-assembled monolayer at RT (red curve, RT phase) and at 520 K( blue curve, HT phase). The photon energies are, 500, 650, and 400 eV,respectively.d)NEXAFS spectra for Ck-edge for the same phases recorded at s-polarization (electric field vector parallel to the surface) and p-polarization (electricf ield vector perpendicular to the surface).
that the atoms of the carbon ring do not participate in the surface chemical reaction. On the contrary,the N1sand O1s peaks in the (sub)monolayer RT phase display large corelevel shifts (in opposite directions), indicating that the p-Ap precursor adsorbs in its oxidized form (red spectra in Figure 2 ). Both hydroxy and primary amine moieties of the p-Ap molecules deprotonate to generate phenoxy and secondary amine groups. [18, 19] However,w hen p-Ap is dosed at high temperature (520 K, blue curve labeled HT in Figure 2 ), as ignificant shift to lower binding energy of the N1sp eak with respect to the RT layer indicates the full oxidation of the amine terminations into their iminic form. [20, 21] Theo verall intensities of the C1s, N1s, and O1sp eaks show no significant change upon heating,i ndicating that the process does not affect the stoichiometry of the molecular layer. However,a no verall small shift of the C1ss pectrum towards lower binding energy is observed, indicating that carbon atoms have accepted charge. [21, 22] We may conclude that ad imerization reaction between two adjacent p-Ap molecules takes place via surface-mediated thermally induced covalent coupling of the NH species,t og enerate an azine bond leading to the QAz molecule.
To obtain further insights into the structure of the HT phase and the role of the surface,w eu sed NEXAFS spectroscopy.Byvarying the surface orientation with respect to the linear polarization of the incident light in NEXAFS,the spectral response corresponding to the p*-symmetry components shows dichroic anisotropy (Figure 2d) . [23] Thec urve that corresponds to the multilayer p-Ap presents no important variations with polarization. However,b oth RT and HT phases show as trong enhancement of the p*p art of the spectra in p-polarization and quenching in s-polarization. This dichroic behavior indicates that the carbon ring is oriented parallel to the metal surface,with an average tilt of 58 8,ingood agreement with the STM images and calculations (Figure 3a) . Moreover,t he change of shape of the NEXAFS spectra (overall quenching and shift to lower energy of the first resonance) indicates anet charge transfer from the surface to the lowest molecular orbital (LUMO) localized on the carbon ring.
Then c-AFM images of the HT phase (Figure 3b )s how intramolecular features with two bright protrusions that can be assigned to two equivalent ring structures linked together as acovalent dimer.Simulations of the nc-AFM images using ap robe particle model [24] are in close agreement with the experimental data. Moreover,a lthough an apparent chainlike structure is often seen in STM images,s imulations rule out any polymerization of the precursors,a nd the chain appearance of the images is related to am odification of the electronic properties of the last Cu layer owing to the strong interaction with the QAz molecule (Supporting Information, Figure S10 ).
DFT calculations show that QAz prefers to be stacked along adirection forming a208 8 angle with respect to the [001] crystallographic axis of the Cu substrate,i na greement with the LEED measurements.T he optimized ground-state structure shows both terminating oxygen atoms at nearly-on-top positions of the Cu atoms,a ta na verage perpendicular distance from the substrate of around 2.0 .T his configuration steers both Natoms to asymmetrical bridge site.Both carbon rings are essentially symmetrical with aslight axial tilt of 4.58 8 along the stacking direction, in good agreement with the experimental NEXAFS value of about 58 8.AN ÀNb ond length of 1.31 was obtained that is slightly longer than values reported for gas-phase azobenzene, [25] or gas-phase dimetacyano-azobenzene (DMC), which range from 1.27 to 1.29 . [20, 26] Interestingly,t he QAz molecule does not structurally deform on the surface,whereas in the case of TCNQ, porphyrins,o ro ther donor-acceptor blends,t he active moieties need to modify their structure to strongly bond to the surface. [2] [3] [4] STM provides further indirect proof for the azine linkage. Firstly,noconfigurational isomers (cis-trans forms) typical of azo-groups are found, not even at the island borders or steps, where such molecular structures might be more easily accommodated. Secondly,t he STM images show ab right protrusion in the center of the dimer,t hat is,a tt he NÀN position, which can be qualitatively attributed to ac harge density increase due to the formation of the covalent bond in the QAz molecule.I na na zo-coupled molecule,s uch as azobenzene,two independent lobes are observed at the rings with adepression in the center of the molecule. [25] Then et electronic charge transferred from the substrate to the QAz molecule was calculated by integration of the computed charge density difference (Figure 4a ), resulting in av alue of 1.21 e À per molecule.T he large amount of electronic charge gained by the QAz molecule,r esulting from the very different electronegativities of the Cu surface and the dimer (À2.07 eV in the gas phase), is redistributed within the molecule according to Figure 4b .T his shows ac omputed 2D color map of the surface charge density difference,d efined as D1(r) = 1 mol/Cu (r)À[1 mol (r) + 1 Cu (r)], where 1 mol/Cu (r)i st he spatial charge density of the QAz/ Cu(110) system, and 1 mol (r)a nd 1 Cu (r)t he spatial charge densities of the non-interacting QAz, and the Cu(110) with the geometry they adopt at the interface.T he red and blue regions denote al oss or gain, respectively in the net charge after the formation of the interface.T hese regions that correspond to the maximum charge displacement are spatially localized, mostly in three critical zones:1 )charge accumulation at the two terminating CÀOm oieties;2 )charge depletion at the two CÀNb onds and accumulation between the Natoms;and 3) redistribution within the ring to the four lateral C = Cbonds. Figure 4a ,b illustrates the significant charge reorganization at the interface and strong bonding with the surface,with astrong depletion of electronic density located just above the topmost Cu layer (see also the Supporting Information, Figure S10 ). Figure 4c shows surface charge density color maps of the QAz and ABP molecules in the gas phase,and for the optimized QAz molecule on aC u(110) surface,w here ac lose similarity to the aforementioned azo-compound can be observed, mainly at Nand Osites as well lateral sites in the Crings.Pauling bond-order analysis is apowerful strategy to rationalize aromaticity on organic molecules. [27] To numerically quantify the charge rearrangement within, each bond we have determined the bond-order for the three cases of Figure 4c revealing that O À C, C À Na nd N À Nb onds are single,single,and double,respectively,for gas-phase ABP and double,double,single,for QAz. Aromaticity in the Crings for gas-phase ABP is also observed, but not for the gas-phase QAz. Interestingly,t he same Pauling analysis carried out on the molecules at the QAz/Cu(110) interface shows aflip in the bond orders of the molecular bonds with respect to QAz in the gas phase,b ecoming effectively more similar to those found for gas-phase ABP (Supporting Information, Table S1 ). Furthermore,the interfacial interaction and significant charge redistribution in the system generates as trong adsorbateinduced dipole at the surface with the negative end pointing towards vacuum, hence increasing the work function.
In conclusion, we have shown that the on surfacesynthetized azine-coupled QAz molecule extracts about 1.2 extra electrons from the metal surface inducing as trong intramolecular charge reorganization, which is accommodated throughout the molecule resulting in apartial recovery of the aromatic character of the rings and inducing an azo-like character at the N À Nl inkage,a ss hown by bond-order analysis.T he choice of the precursors determines the charge transfer direction at the metal-organic interface,w hile the metal surface plays ac rucial role in mediating both the synthesis and the charge transfer.Strong interaction between the surface and the molecule beyond self-assembly is necessary for an efficient charge transfer. Our work suggests apromising and novel route to the synthesis of hybrid organometallic electrodes with predictable electronic properties,and opens the door for the use of on-surface synthesis protocols to fabricate µ la carte donor or acceptor interfaces on organic heterostructures.
